Generally, when microbes assimilate macromolecules, they incorporate low-molecular-weight products derived from macromolecules through the actions of extracellular degrading enzymes. However, a Gramnegative bacterium, Sphingomonas sp. A1, has a smart biosystem for the import and depolymerization of macromolecules. The bacterial cells directly incorporate a macromolecule, alginate, into the cytoplasm through a ''superchannel'', as we named it. The superchannel consists of a pit on the cell surface, alginate-binding proteins in the periplasm, and an ATP-binding cassette transporter in the inner membrane. Cytoplasmic polysaccharide lyases depolymerize alginate into the constituent monosaccharides. Other than the proteins characterized so far, novel proteins (e.g., flagellin homologs) have been found to be crucial for the import and depolymerization of alginate through genomicsand proteomics-based identification, thus indicating that the biosystem is precisely constructed and regulated by diverse proteins. In this review, we focus on the structure and function of the bacterial biosystem together with the evolution of related proteins.
ical signals from the external milieu for harmonious proliferation and differentiation, and excrete biosynthesized, used, and hazardous materials to maintain cellular conditions suitable for growth and cellular homeostasis. For both import and export, the transport of molecules, energy, and signals is usually performed by molecules and/or molecular systems at the nano-size level, these molecules being properly localized on the cell surface, including cytoplasmic membranes. [1] [2] [3] In the case of the assimilation of macromolecules, microbes usually produce extracellular depolymerizing enzymes and incorporate the depolymerized low-molecular-weight products through specific transporters, channels, and/or porins. On the other hand, Sphingomonas sp. A1 (strain A1) has an elegant alternative means for the degradation of macromolecules in that the cells directly engulf alginate polysaccharide without depolymerization by extracellular enzymes and then depolymerize the polymer in the cytoplasm. 4, 5) During this engulfment, dynamic structural and functional fluctuations occur on the bacterial cell surface.
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Biosci. Biotechnol. Biochem., 69 (4), [673] [674] [675] [676] [677] [678] [679] [680] [681] [682] [683] [684] [685] [686] [687] [688] [689] [690] [691] [692] 2005 Review bisphenol, 6, 13, 14) and synthesize useful biopolymers such as gellan and related polysaccharides. 12, 15) These peculiar characteristics of sphingomonades were reviewed in a recent paper. 16) The properties inherent to bacteria of this genus, i.e., the presence of GSL, pleat structure, and remediation ability, suggest an unexpected structure and function of the cell surface.
The cell surface of strain A1 is also covered with many large pleats (Fig. 1A) . 10, 11) In the presence of alginate in the external milieu, a mouth-like pit is formed on the cell surface through reorganization and/ or fluidity of the pleats when they are assimilating alginate (Fig. 1B) . 10, 11) Strain A1 is, to the best of our knowledge, the first bacterium that forms a pit in the history of microbiology. The pit functions as a funnel or concentrator for alginate, and the polymer targeted there is transported to the periplasm. Alginate introduced into the periplasm is captured by periplasmic alginate-binding proteins, transferred to an ATP-binding cassette (ABC) transporter in the inner membrane, and then transported to the cytoplasm, where it is depolymerized into its constituent monosaccharides through consecutive reactions catalyzed by alginate lyases. 4, 17) The genes for periplasmic alginate-binding proteins, an ABC transporter, and alginate lyases form a cluster in the genome of strain A1. 17) The pit formation may be considered to be an original model for endocytosis and/or phagocytosis by eukaryotic cells, and this notion can be applied to the import of other macromolecules such as DNA and proteins across the cell membrane. The strain A1 pit structure accompanying a dynamic change in the cell surface structure is apparently different from the transporters, channels, and/or receptors so far analyzed in size and function, and we have designed a micron-size level macromolecule import system including the pit and an ABC transporter as a superchannel. 5) Similar systems for macromolecule transport have been found in cells or tissues of organisms from bacteria to humans. [18] [19] [20] [21] In order to clarify the overall picture of the superchannel in strain A1 and to establish a novel concept regarding the import of macromolecules into organisms, it is important to identify all the molecules constituting the superchannel for macromolecule import, and to analyze their structure/function and cooperation in the macromolecule import network. In this review, we describe the structural and functional aspects of the superchannel and polysaccharide depolymerization system (superbiosystem) determined through genomics-and proteomics-based analysis.
I. Pit-Forming Bacterium
Alginate is a linear polysaccharide produced by seaweed and certain bacteria such as Pseudomonas aeruginosa. 22, 23) This polymer is composed of -Lguluronate (G) and its C5 epimer, -D-mannuronate (M), and arranged in three different ways: poly--Lguluronate (polyG), poly--D-mannuronate (polyM), and heteropolymeric random sequences (polyMG). 24) A Gram-negative bacterium (strain A1) isolated as a potent (A) Strain A1 cell grown in the absence of alginate; (B) strain A1 cell grown on alginate; (C) p6-disruptant cell grown on alginate; (D) Sphingomonas sp. R1 cell; (E) Sphingomonas sanguis cell; (F) Sphingomonas capsulata cell; (G) alginate detection on the cell surface by mucopolysaccharide staining (left, strain A1 cell grown in the absence of alginate; right, strain A1 cell grown on alginate); (H) thin section of strain A1 cell grown on alginate (arrow indicates the position corresponding to the pit); (I) localization of flagellin homolog p5 in strain A1 cells by immunogold electron microscopy (left, strain A1 cell grown on alginate; right, strain A1 cell grown in the absence of alginate).
producer of alginate-depolymerizing enzymes has monoand oligosaccharide type GSL in the outer membrane instead of LPS, indicating that strain A1 is a member of the genus Sphingomonas. 10) Other than alginate, strain A1 prefers pectate as a carbon and energy source. 17) Since both alginate and pectate are polyuronate molecules, a common mechanism for the assimilation (import and depolymerization) of the two polymers is expected to be present in strain A1 cells. Although a large number of organisms, including algae, marine animals, fungi, and bacteria, have been reported to depolymerize alginate enzymatically, 25) strain A1 is the first alginate-assimilating bacterium classified as a species of Sphingomonas. Strain A1 has a characteristic cell surface covered with numerous large, complicated plaits (Fig. 1A) , and a pit (0.02-0.1 mm in diameter) forms on the cell surface in the presence of the macromolecule alginate (27 kDa) (Fig. 1B) . 10, 11) Alginate is concentrated in the region of the cell surface that corresponds to the pit (Fig. 1G ). Thin sections of cells grown in the presence of alginate show specific sites where the cell membrane sinks into the cytoplasm (Fig. 1H) . Furthermore, in the case of strain A1, four kinds of alginate-depolymerizing enzymes (alginate lyases) are localized exclusively in the cytoplasm and are not secreted even into the periplasm. 17, 26, 27) Based on these observations, a novel pitdependent import system for macromolecules is considered to be present in strain A1 cells, but no systems for macromolecule import into microbial cells have been characterized so far. In order to understand the highly organized structure and function of the cell surface as well as the diverse metabolic abilities of strain A1, information on the whole genome sequence (genomics) and comprehensive analysis of proteins (proteomics) is required in addition to knowledge of the stereographical interaction of the functional units and three-dimensional structures of individual proteins.
II. Complete Genome Sequence
Since strain A1 contains a circular double-stranded DNA plasmid (pA1) independent of the chromosome, sequence analysis of pA1 was conducted first (W. Hashimoto et al., Abstract for Annual Meeting of Japan Society for Bioscience, Biotechnology, and Agrochemistry, p. 159, 2003). Plasmid pA1 consists of 46,558 base pairs with a GC content of 65%, and contains the motifs GCCG and CGGC abundantly (frequency, >40 per kb). The two characteristics of GC content and motifs are observed in the P. aeruginosa genome with a GC content of 67% and many GCCG/CGGC motifs, 28) suggesting that pA1 might have evolved from a common ancestral bacterium such as a pseudomonad. pA1 possibly encodes more than 40 genes, 31 of which exhibit significant identity (>70%) with those present in certain plasmids from Gram-negative bacteria. Two genes, oriV and oriT, are responsible for the replication and transfer of the plasmid respectively. The homologous gene products play an important role in the replication and stability of the plasmid (DNA-binding regulator, plasmid-stable inheritance, mating pair formation factor, DNA topoisomerase, DNA primase, maturation peptidase, DNA relaxase, oriT-binding protein, and so on). Since the genetic organization of pA1 is very similar to that of selftransmissible promiscuous plasmid R751 [incompatibility (Inc) group P plasmid] from Enterobacter aerogenes, except for the insertion of two cryptic transposons in R751, 29) pA1 is probably an IncP plasmid. Broad-host range IncP plasmids have the ability to promote gene spread among diverse bacteria, suggesting that construction of pA1 with the insertion of pollutant-degrading enzyme genes from sphingomonades might facilitate breeding of bacteria useful for bioremediation.
Subsequent to plasmid sequence analysis, the complete genome sequence of strain A1 was determined (W. Hashimoto et al., Abstract for Annual Meeting of Japan Society for Bioscience, Biotechnology, and Agrochemistry, p. 159, 2003) . This is the first genome structure of a sphingomonad to be determined. The genome of strain A1 comprises circular double-stranded DNA composed of 4,622,788 base pairs with a GC content of 62%, and has the ability to contain 4,800 genes ( Fig. 2A ). Thirty percent of the genes exhibit significant homology with those in the genome of P. aeruginosa, suggesting that sphingomonades and pseudomonades evolved from a common ancestor (Fig. 2B) . Although the functions of 42% of the genes have been predicted, the others are grouped into a class of function-unknown genes ( Fig. 2A) . Molecular characterization of function-unknown genes ought to provide useful information on molecules related to biosynthesis of the super-biosystem responsible for the import and depolymerization of alginate. A large number of genes for polyuronate (alginate and pectate) metabolic enzymes are encoded in the genome of strain A1, and certain ABC transporter genes are found in the vicinity of these enzyme genes. This indicates that strain A1 has become somewhat specialized as to the use of polysaccharides for its growth and has developed an ABC transporter system for their import.
In Sphingomonas paucimobilis, a key enzyme, serine palmitoyltransferase (SPT), in GSL biosynthesis has been characterized enzymatically and genetically. 30) The enzyme catalyzes the condensation of L-serine and palmitoyl coenzyme A into 3-ketodihydrosphingosine as the first step of GSL biosynthesis. Since strain A1 also has mono-and oligosaccharide type GSL, and a significantly homologous protein (homology, 45%) with SPT, the genome structure of strain A1 is expected to contribute to clarification of the biosynthetic pathway for GSL in the genus Sphingomonas.
III. Superchannel for Macromolecule Import
The strain A1 superchannel consists of the pit on the cell surface, binding proteins in the periplasm, and an ABC transporter in the inner membrane. In order to clarify the nature of the superchannel, genes/proteins related to the dynamics on the cell surface structure and alginate import in strain A1 were identified and characterized through genomics and proteomics. 4, 5, 31) An overall picture of the superchannel is presented in Fig. 3A . In this section, we focus on its structural and functional aspects.
Outer membrane
The formation of the pit is reversible and dependent on the presence of alginate, that is, the pit appears in the presence of alginate (Fig. 1B) and disappears in its absence (Fig. 1A) . Expressional proteomics (differential display) regarding strain A1 cells with and without pits provides valuable information on the induction, structure, and function of the pit. 31 ) Strain A1 cells with pits inducibly produce eight proteins (p1-p8) [p1 (pI 5.7, 75 kDa); p2 (pI 5.2, 75 kDa); p3 (pI 5.2, 74 kDa); p4 (pI 4.9, 75 kDa); p5 (pI 4.8, 41 kDa); p6 (pI 5.5, 31 kDa); p7 (pI 5.7, 27 kDa); and p8 (pI 7.4, 20 kDa)] in their outer membranes. Based on the genomic information on strain A1 and the internal amino acid sequences of the proteins, the genes encoding p1-p8 were identified. The eight genes (p1-p8) were separately mapped in the bacterial genome, and were independent of the gene cluster for the import and depolymerization of alginate. p1-p8 are homologous to bacterial proteins, as follows: p1-p4, chelator-dependent transporters for ferric ions; p5 and p6, flagellin; p7, putative lipoprotein; and p8, granule-binding protein.
Transporters A mutant with disruption of p1, p2, p3, or p4 shows significant growth retardation in the alginate medium (W. Hashimoto et al., Abstract for Annual Meeting of The Japanese Biochemical Society, p. 1099, 2003), suggesting that these proteins are involved in the incorporation of alginate. Bacterial outer membrane transporters homologous with p1-p4 are known to incorporate the iron-siderophore complex by use of energy generated through transient association with an inner membrane complex (TonB-ExbB-ExbD). 32, 33) Alginate exhibits potent ability to chelate ferric ions, suggesting that the p1-p4 expressed in the pit may function as outer membrane transporters for the import of ferric ion-chelated alginate as an iron-siderophore complex. On homology modeling, 34) the transporters (p1-p4) designated AlgR appeared to constitute a tunnel-like -barrel structure spanning the outer membrane (Fig. 3A, B) .
Flagellins
The genes for p5 and p6 of strain A1 encode proteins with molecular masses of 40 and 31 kDa respectively. The two proteins resemble each other in primary structure and exhibt significant homology with flagellin, a component of the flagella of Gram-negative bacteria. Despite extensive observation by electron microscopy, neither flagellation nor motility has been observed for strain A1 cells, 10) although flagellin homologs p5 and p6 are inducibly expressed in the outer membrane in the presence of alginate. The bacterial flagellum is a motile organelle protruding from the cell surface into the environment, and is composed of a basal body, a hook, and a filament. 35) The structure and function of Escherichia coli and Salmonella typhimurium flagella have been analyzed, 36, 37) and the crystal structure of Salmonella flagellin has been determined. 38) Flagellin constitutes the helical filament of the flagellum and functions as a propeller. The N-and C-terminal domains are highly conserved among bacterial flagellins and are responsible for the self-assembly in the filaments of flagella, 38) while the central domain forming a propeller varies. In fact, both p5 and p6 of strain A1 exhibt high similarity with bacterial flagellins in the N-and Cterminal domains, although little homology is observed in the central domain. Furthermore, part of the central domain of p5 and of p6 is missing in comparison with the structures of E. coli and S. typhimurium flagellins. The deletions in p5 and p6 might be related to the fact that strain A1 has no flagella, although some pseudomonades forming a polar flagellum produce flagellins lacking part of the central domain.
39) The intrinsic functions of p5 and p6 in strain A1 were determined as follows (W. Hashimoto et al., Abstract for Annual Meeting of The Society for Biotechnology, Japan, p. 65, 2004) .
Although disruption of p5 has no effect on the growth of strain A1 in the presence of alginate, a p6-disruptant shows significant growth retardation in the alginate medium, and double disruption of p5 and p6 results in growth failure, indicating that these flagellin homologs might be essential for cell viability. The cell surface of the p6-disruptant differs from that of wild-strain A1 in that the formation of the pit is incomplete and the cell surface structure changes from a pleat structure to a network one (Fig. 1C) . p5 is specifically expressed in alginate-grown cells and exclusively localized in the cell envelope (Fig. 1I ). Bacterial flagellins are secreted from the cytoplasm through type-III exporter encoded by the flagellum cluster. 40) Strain A1 flagellin homologs p5 and p6 are also anticipated to be exported by this system, but unlike normal flagellins, they remain in the cell envelope and regulate cell surface structures, i.e., the pit and pleats. The fact that p5 expression is suppressed in mutant cells with disruption of a peptidoglycan hydrolase gene (pgh) (W. Hashimoto et al., Abstract for Annual Meeting of The Society for Biotechnology, Japan, p. 65, 2004) , which is required to insert the flagellar rod into the outer membrane, 41) might help to explain why p5 and p6 remain in the cell envelope. Surface plasmon resonance (SPR) biosensor analysis indicated that both proteins specifically bind alginate with high affinity (dissociation constant
Alginate and its granule-binding protein p8 consists of 189 amino acid residues with a molecular weight of 19,277 and a predicted pI of 7.69, and is homotrimeric in the native form. 31) p8 exhibits significant homology with a phasin responsible for binding of the polyhydroxyalkanoic acid granules of Ralstonia eutropha.
42) The p8-disruptant shows significant growth retardation in the alginate medium. Through SPR biosensor analysis, p8 was found to bind alginate most efficiently at pH 4.0 with a dissociation constant (K d ) of 1:3 Â 10 À7 M. p8 is specific to alginate and shows little interaction with any other polysaccharide, e.g., pectin, xanthan, gellan, or hyaluronate. It also exhibits the ability to bind alginate-calcium granules. Hence, p8 was found to be a cell surface protein able to bind alginate and to facilitate the concentration of alginate in the pits on the cell surface of strain A1 (Fig. 3B ).
Periplasm
In strain A1, two periplasmic proteins [AlgQ1 (59 kDa) and AlgQ2 (59 kDa)] are responsible for the import of alginate. Both proteins are inducibly expressed in the periplasm of alginate-grown cells of strain A1, and mediate the transfer of alginate from the pit to an ABC transporter.
43)
Alginate-binding proteins AlgQ1 and AlgQ2 resemble each other in primary structure and specifically bind alginate macromolecules with dissociation constants (K d ) of 2:3 Â 10 À7 M and 1:5 Â 10 À7 M respectively. 43) As seen in UV absorption difference spectroscopy analysis, both proteins can interact with alginate having various M/G ratios. In vitro ATPase assaying involving the cytoplasmic membrane complex including the alginate-ABC transporter suggested that the alginate-bound forms of both AlgQ1 and AlgQ2 are closely associated with the importer. 43) Through X-ray crystallographic analysis, both proteins were found to consist of two N-and C-domains with an / structure, and to contain a calcium ion in the Cdomain (Fig. 3A) , 43, 44) although the extent of opening of the two domains in ligand-free AlgQ1 is greater than in AlgQ2 (rotation angle, 7
). Three linker loops connect the N-and C-domains, and the cleft formed between the two domains is the alginate-binding region. Since the cleft in alginate-binding proteins is larger than that observed in other substrate-binding proteins such as maltose-binding proteins, 45, 46) the huge cleft in AlgQ1 and AlgQ2 enables the alginate macromolecule to be bound. AlgQ1 and AlgQ2 bind alginate in the deep cleft formed on the closing (37 for AlgQ1 and 30 for AlgQ2) of the N-and C-domains, and release the polymer on the opening of the two domains ( Fig. 4 Aa). 43, 47) On going from the open cleft, ligand-free structure to the closed one, there is a concerted shift of the Glu396 side chain, which moves up into the cleft as a result of sugar binding (Fig. 4Ab) . 47) This ligandinduced movement of Glu396 might be the trigger for the motion that enables the other domain to participate in ligand binding and ultimately to engulf the bound alginate. The major driving force for the hinge closing in alginate-binding proteins is probably the exclusion of a water molecule from the binding site. The shift in the equilibrium on sugar binding might also be enhanced by the interaction of the sugar with Glu396, which causes the resulting perturbation of the hinge favoring the closed form.
Sugar-binding proteins so far analyzed have aromatic and polar residues in the cleft, 48) while in the case of alginate-binding proteins, many positively-charged residues as well as aromatic ones are arranged in the cleft. 43, 47) Positively-charged residues in the active cleft enable alginate-binding proteins to bind preferentially acidic polysaccharides such as alginate and pectate. Alginate is bound with alginate-binding proteins through van der Waals contacts and hydrogen bonds. The proteins tightly bind the non-reducing terminal residues of alginate molecules. Thus, alginate-binding proteins specifically recognize and bind the non-reducing sugar of alginate, and deliver the macromolecule to the ABC transporter in the inner membrane.
Inner membrane
In order to transport alginate across the inner (cytoplasmic) membrane of strain A1, an ABC transporter is located in the membrane. ABC transporters typically consist of four subunits (two ABC proteins and two transmembrane domains). 49) This is true of the ABC transporter responsible for the import of alginate, i.e., the ABC transporter consists of four subunits [AlgM1 (37 kDa), AlgM2 (33 kDa), and two molecules of AlgS (40 kDa)].
4)

ABC transporter
As is often seen in bacteria, genes for ABC transporters (AlgS, AlgM1, and AlgM2) and alginate-binding proteins (AlgQ1 and AlgQ2) are assembled into a cluster. AlgM1 and AlgM2 are homologous to the permease domain of a bacterial ABC transporter, and AlgS exhibits ATPase activity in the dimeric form, indicating that AlgM1 and AlgM2 function as permeases for the transport of alginate from the periplasm to the cytoplasm using the energy derived from ATP hydrolysis catalyzed by the AlgS homodimer. The ABC transporter has been modeled through homology modeling with Monte-Carlo minimizations (W. Hashimoto et al., Abstract for Annual Meeting of The Japanese Biochemical Society, p. 931, 2004) (Fig. 3A) . AlgM1 and AlgM2 each contain seven transmembranehelices. AlgM1 and AlgM2 probably form a heterodimer with a pore for the passage of alginate at the interface between them. The crystalline properties of AlgS have been determined through X-ray analysis. 50) AlgS has an / structure and forms a homodimer, P-loop/Walker and ABC-signature motifs, which are involved in ATP binding and hydrolysis, being arranged at the interface between the two molecules (Fig. 3A) .
Mutants with disruption of ABC transporter genes form no apparent pit on their cell surface and fail to incorporate alginate. 4) The activity of AlgS is regulated through a conformational change in AlgM1 and AlgM2, which is induced on the contact of alginate-bound AlgQ1 or AlgQ2 with an AlgM1/AlgM2 heterodimer (Fig. 3A) . 51) Therefore, the pit on the cell surface, the periplasmic binding proteins, and the ABC transporter are reciprocally related and constitute the superchannel for the import of alginate. Based on the overall picture of the strain A1 superchannel, a novel macromolecule import system independent of extracellular depolymerizing enzymes was found to exist in bacteria.
IV. Macromolecule-Depolymerizing System
As described above, alginate is a heteropolysaccharide containing polyG, polyM, and polyMG, suggesting that several enzymes are required for complete depolymerization of this polymer. In this section, we focus on the structural and functional aspects of the macromolecule-depolymerizing system. 
Polysaccharide assimilation Alginate metabolism
Alginate incorporated into the cytoplasm is degraded into its constituent monosaccharides through the actions of endotype [A1-I (65 kDa), A1-II (25 kDa), and A1-III (40 kDa)] and exotype [A1-IV (86 kDa)] alginate lyases with different substrate specificities (Fig. 5A) . 17, 52) The three endotype alginate lyases originate from a single gene, 27, 53) and release unsaturated di-, tri-, and tetrasaccharides from alginate.
52) A1-I (65 kDa) is autocatalytically processed into A1-II (25 kDa) and A1-III (40 kDa).
54) A1-II and A1-III are specific for polyG and polyM respectively, 52) indicating that A1-I is a combined form of A1-II and A1-III, and shows the characteristics of both enzymes. All unsaturated oligosaccharides (di-, tri-, and tetrasaccharides) produced from alginate through the actions of A1-I, A1-II, and A1-III are degraded into the constituent monosaccharides by A1-IV.
17) The resultant monosaccharides are nonenzymatically converted to -keto acids, indicating that strain A1 cells finally assimilate alginate through the metabolic pathway for -keto acids (Fig. 5A) . 17, 55) The genes for A1-I, A1-II, A1-III, and A1-IV are included in a genetic cluster for the alginate import and depolymerization system, and are inducibly expressed in the presence of alginate (Figs. 3A and 5A) . 17, 27) Therefore, the superchannel is also linked with the depolymerizing system, and their expression is coordinately regulated.
Based on their primary structures, polysaccharide lyases are classified into 15 families (PL-1-15) in the carbohydrate-active enzyme (CAZY) database (B. Henrissat, P. Coutinho, and E. Deleury; http://afmb.cnrsmrs.fr/~cazy/CAZY/index.html). Polysaccharide lyases recognize uronic acid residues in polysaccharide molecules, and catalyze a -elimination reaction that accompanies the release of unsaturated saccharides with C=C double bonds at the nonreducing terminal uronate residues. These distinctive features of lyases indicate that they share common structural features as to their uronate-recognition sites and reaction modes (-elimination reaction). Therefore, structural and functional analysis of diverse polysaccharide lyases including alginate lyases is necessary for clarification of the common structural features shared by polysaccharide lyases. In addition to alginate depolymerization in strain A1, the metabolism of other polysaccharides (gellan and xanthan) in bacteria was analyzed.
Gellan metabolism Gellan is an exopolysaccharide produced by a Gramnegative bacterium, S. paucimobilis, 15) and consists of a linear repeating tetrasaccharide
with O-acetyl and glyceryl moieties on the D-glucosyl residues adjacent to the D-glucuronyl residues as side chains. 56) A soil isolate (strain GL1) utilizing gellan as sole carbon source for its growth was taxonomically and phylogenetically identified as a species of Bacillus (especially Paenibacillus). Through enzymatic, genetic, and glycochemical analysis, an overall gellan-depolymerization pathway in strain GL1 was determined (Fig. 5B) . Gellan is first depolymerized to a tetrasaccharide (ÁGlcA-Glc-Rha-Glc) by extracellular gellan lyase (260, 130 kDa), 57, 58) and then the resultant tetrasaccharide is degraded to the constituent monosaccharides through the subsequent actions of intracellular unsaturated glucuronyl hydrolase (42 kDa), 59 ) -Dglucosidase (51 kDa), 60) and -L-rhamnosidase (100 kDa). 61, 62) Xanthan metabolism Strain GL1 can assimilate xanthan as well as gellan. Xanthan is an extracellular heteropolysaccharide produced by a plant-pathogenic bacterium, Xanthomonas campestris, and is composed of a cellulosic backbone with linear trisaccharide side chains consisting of a mannosyl-glucuronyl-mannose sequence attached at the C3 position of alternate glucosyl residues. 63, 64) A depolymerization route for xanthan in strain GL1 was also determined (Fig. 5C ). Xanthan is first depolymerized to pyruvylated mannose (PyrMan) and a tetrasaccharide by extracellular xanthan lyase (97, 81 kDa) 65) and -D-glucanase (350 kDa), 66) and then the tetrasaccharide is degraded to the constituent monosaccharides through the consequent actions of intracellular -Dglucosidase (51 kDa), 60) unsaturated glucuronyl hydrolase (42 kDa), 59) and -D-mannosidase (330 kDa).
67)
Post-translational processing in polysaccharide lyases
The enzymatic and genetic analyses of lyases for alginate, gellan, and xanthan revealed that a common maturation route by way of post-translational processing is conserved in the biosynthesis of polysaccharide lyases.
In strain A1, alginate lyases (A1-I, A1-II, and A1-III) are produced through successive post-translational processing of the primary gene product (Fig. 5A) . 27, 53) That is, the enzyme is first produced as a preproform (Po, 71 kDa), the N-terminal peptide (5 kDa) of which is then removed to give rise to a precursor (A1-I). A1-I is split into two mature alginate lyases, N-terminal domain A1-III and C-terminal domain A1-II.
Similar post-translational processing is observed in the cases of other bacterial polysaccharide lyases: lyases for gellan and xanthan in strain GL1, [68] [69] [70] and hyaluronate lyase in Streptococcus agalactiae. 71) In the case of gellan lyase (Fig. 5B) , the enzyme is first produced as a preproform (263 kDa), which is converted to a precursor (260 kDa) through removal of a signal sequence (3 kDa), followed by excretion from the cells. The precursor is eventually converted to the mature gellan lyase (130 kDa) through excision of the C-terminal domain (130 kDa). This maturation pattern of gellan lyase is quite similar to that of xanthan lyase (Fig. 5C) , explained below. Xanthan lyase is first produced as a preproform (99 kDa), which is converted to a precursor (97 kDa) through removal of a signal sequence (2 kDa), followed by excretion from the cells. The precursor is eventually converted to the mature xanthan lyase (81 kDa) through excision of the C-terminal domain (16 kDa). In the case of hyaluronate lyase, the situation is different from that of the lyases for alginate, gellan, and xanthan in that the N-terminal domain including the signal peptide is excised from the precursor molecule. That is, the enzyme is first produced as a preproform (121 kDa), secreted as a precursor (118 kDa) through removal of the signal peptide (3 kDa), and then processed into two mature forms (110 and 94 kDa) through excision of the N-terminal domains (24 and 8 kDa). Each of these lyases, i.e., those for gellan, xanthan, and hyaluronate, is produced as a preproform with lyase activity. The preproform is then transformed to a precursor through removal of the signal peptide, and finally converted to the mature form through excision of the C-terminal domain (the N-terminal domain in the case of hyaluronate lyase).
The purified precursors for alginate lyase, 54) xanthan lyase, 70) and gellan lyase (W. Hashimoto et al., unpublished results) undergo the self-cleavage reaction of the C-terminal domain in vitro. These results, although insufficient, indicate that the bacterial polysaccharide lyases are produced through common and specific molecular mechanisms, and that the excision of the Cterminal domain (the N-terminal domain in the case of hyaluronate lyase) from the precursor is caused by the inherent protease activity of the precursor itself. This means that the precursor for polysaccharide lyase has a protease-like function other than the essential lyase activity, i.e., the polysaccharide lyase gene contains multiple genetic information. This notion is of importance for interpretation of the abundance of genetic information expressed in the form of a single nucleotide sequence.
Molecular diversity and evolutional process of alginate lyases
Since alginate lyase can depolymerize alginate through the -elimination reaction, the enzyme is applicable to the molecular design of an edible alginate and the development of a therapy for the biofilmdependent infectious diseases caused by P. aeruginosa. Hence, a large number of alginate lyases from bacteria to marine animals have been characterized. 25) But little information on the diversity and evolution of alginate lyases has been accumulated. The molecular diversity of alginate lyases in strain A1 was analyzed, and their evolutional process is discussed below.
Most bacterial alginate lyases are classified into two families, PL-5 and -7, and the alginate lyases in families PL-5 and -7 are generally specific to polyM and polyG respectively. A1-I is autocatalytically processed into A1-II and A1-III, which are categorized as family PL-7 and -5 lyases specific for polyG and polyM respectively. Therefore A1-I is a fused enzyme with the characteristics of family PL-5 and -7 enzymes. Some pseudomonades such as P. aeruginosa PAO1 28) and Pseudomonas syringae pv. tomato DC3000 72) have both family PL-5 and -7 alginate lyases, although their genes are separately located in the bacterial genomes. Thus we proposed that A1-I is an original alginate lyase, and that the A1-II and A1-III genes derived from the A1-I gene independently evolved into various genes belonging to families PL-7 and -5 through duplication, modification, and translocation. Furthermore, A1-IV is regarded as a novel enzyme among a large number of alginate lyases, since it shows exolytic activity and no homology with other enzymes, including alginate lyases. A1-IV is also considered to be an original enzyme that might constitute a new polysaccharide lyase family. As the first step to confirm this hypothesis, the molecular diversity and evolution of alginate lyases in strain A1 have been analyzed as follows. 73, 74) Family PL-5 and -7 alginate lyases In addition to the genes for A1-I, A1-II, and A1-III, the genome of strain A1 contains a novel alginate lyase (A-II 0 , 31 kDa) gene. 73) A1-II 0 was identified as a member of family PL-7 due to a highest identity with A1-II and significant homology with family PL-7 alginate lyases. A1-II 0 and A1-II are similar to each other in optimal pH, thermal stability, and behavior toward various compounds, while there are significant differences between them in specific activity, optimal temperature, substrate specificity, and final reaction products. Little A1-II 0 is expressed in strain A1 cells, and the locus of the A1-II 0 gene is 367 kb from the gene cluster for the superchannel, indicating that the A1-II 0 gene does not play a crucial role in the depolymerization of alginate in strain A1. Phylogenetic analysis of alginate lyases categorized into families PL-7 and -5 was also conducted. Strain A1-I has a central position in the phylogenetic tree, being intermediate between families PL-5 and -7. 73) Since there is no evidence that the A1-I gene evolved through fusion of the A1-II and A1-III genes independently existing, the alginate lyases categorized into families PL-5 and -7 might have evolved from the ancestral proteins, A1-II and A1-III, constituting A1-I. Thus, A1-II 0 was thought to have been generated from the A1-II gene through separation from the A1-I gene, subsequent duplication, modification, and translocation.
Family PL-15 alginate lyases Novel genes encoding hypothetical proteins homologous with A1-IV are present in the genomes of many bacteria, including strain A1. 74) One such protein, A1-IV 0 (90 kDa) of strain A1, catalyzes the cleavage of glycosidic bonds in alginate through the -elimination reaction, and releases unsaturated di-and trisaccharides as the main products, indicating that the enzyme is an endotype alginate lyase. A1-IV 0 differs from A1-IV in optimal temperature, final reaction products, affinity with alginate, and mode of action, indicating that A1-IV 0 can be regarded as a novel endotype alginate lyase distinct from A1-IV. However, on the basis of their primary structures, A1-IV 0 and other A1-IV homologs might constitute a novel polysaccharide lyase family, PL-15, 74) indicating the evolutionary route of alginate lyases in family PL-15. Family PL-15 comprises A1-IV, A1-IV 0 , and a hypothetical protein of Agrobacterium tumefaciens in the CAZY database. As seen in the case of the A1-II 0 gene, A1-IV 0 is not expressed in strain A1 cells grown on alginate. It is thought that the A1-IV 0 gene was generated from the A1-IV gene and that A1-IV was the original protein of family PL-15.
In conclusion, strain A1 produces diverse alginate lyases classified into families PL-5, -7, and -15, which contain almost all bacterial alginate lyases, suggesting the possibility that strain A1 can be regarded as the original producer of alginate lyases.
Crystal structures of polysaccharide lyases
In order to elucidate the common structural features regarding the uronate recognition and -elimination reactions of polysaccharide lyases, structural and functional analyses of family PL-5, -7, and -8 lyases were conducted.
Family PL-5 lyases Family PL-5 alginate lyase A1-III preferably depolymerizes the polyM region of brown seaweed and bacterial alginates into di-and trisaccharides as the main final products. 75, 76) Through X-ray crystallographic analysis, A1-III was found to consist of 12 -helices, and to adopt an 6 / 5 -barrel supersecondary structure as a basic frame (Fig. 4Ba) . 77, 78) P. aeruginosa family PL-5 alginate lyase AlgL, which is responsible for the biosynthesis and degradation of innate bacterial alginate, was found to have the same 6 / 5 -barrel structure. 79) The enzyme has a tunnel-like cleft covered with a lid loop. To characterize the enzyme reaction, a mutant, H192A, with the substitution of Ala for His192, was constructed. The crystal structure of [H192A(holo)] complexed with a substrate (alginate tetrasaccharide) 80) showed that the configuration of the lid loop (residues 57-90) shifts to capture the tetrasaccharide (Fig. 4Bb) . In the ligand-free form of the wild-type enzyme (open conformation), the loop is situated about 16.8 # A above the glycosidic linkage to be cleaved, while this distance is 8.6 # A in H192A(holo) (closed conformation). This loop includes Arg67, Tyr68, Tyr80, and Arg88, which are important for binding with the tetrasaccharide. The tetrasaccharide is bound in the active cleft of H192A through the formation of several hydrogen bonds and van der Waals interactions with protein atoms (Fig. 4Bc) . The active cleft contains some aromatic and positively-charged residues for the recognition of uronate residues. Around the glycosidic bond to be cleaved, which is between the À1 and þ1 saccharides, the side chain of Tyr246 is close to the hydrogen of C5 of the þ1 saccharide and the oxygen of the glycosidic bond. Tyr68 in the lid loop is hydrogen-bonded to Tyr246. The di-Tyr pair is stabilized by Arg67 and Arg239. This conformation clearly indicates that Tyr246 activated through the formation of the pair can draw the hydrogen from C5 of the þ1 saccharide, and can also act as the donor of a hydrogen to the oxygen of the glycosidic linkage to be cleaved. Although single Tyr246 functions in acid and base catalysis in the A1-III reaction, His192 is also important for substrate binding. The movement of the lid loop is essential for enzyme catalysis, activation of the catalytic center Tyr246 through formation of the Tyr68-Tyr246 pair, the binding of substrates, and the release of products. Two catalytic residues function in acid and base catalysis respectively in other polysaccharide lyases such as hyaluronate and chondroitin lyases. 81, 82) The catalysis by A1-III with a single Tyr as an active center can probably be regarded as a novel -elimination reaction.
Family PL-7 lyases Family PL-7 alginate lyase A1-II acts on the polyG region of brown seaweed alginate, degrading it into triand tetrasaccharides. 52, 83) In addition to A1-II, A1-II homologous proteins, A1-II 0 (31 kDa) of strain A1, and function-unknown protein PA1167 (25 kDa) of P. aeruginosa have been identified as endotype family PL-7 alginate lyases. 73, 79) A1-II, A1-II 0 , and PA1167 have been crystallized and subjected to X-ray analysis. [84] [85] [86] PA1167 consists of two -sheets with fifteen -strands and three -helices, which constitute a glove-likesandwich structure (Fig. 4Ca, b) . 79) The overall structure of PA1167 is very similar to that of A1-II 0 (M. Yamasaki et al., unpublished results). Furthermore, this -sandwich structure is observed in various sugar-related proteins such as 1,3-1,4--glucanase, 87) lectin, 88) and -amylase inhibitor, 89) suggesting that the structural features of the sugar-binding site are conserved among these proteins.
The two sequences YXRSELRE and YFKAGXYXQ are highly conserved in the N-and C-terminal regions respectively of family PL-7 lyases, and are perhaps responsible for the catalytic actions of the enzymes. 25) A1-II, A1-II 0 , and PA1167 also have two regions that almost completely match the N-and C-terminal conserved sequences respectively. Judging from the PA1167 structure, the conserved N-and C-terminal sequences are located in these two close -strands, SA3 and SA4, respectively (Fig. 4Cb) . Other than these two regions, a region slightly conserved in family PL-7 lyases is astrand SA5 proximate to SA3 and SA4. Tyrosine and histidine residues have been reported to play a crucial role in the catalytic actions of polysaccharide lyases such as family PL-5 alginate lyase A1-III, 80) and family PL-8 hyaluronate, 81) chondroitin, 82) and xanthan 90) lyases. Therefore, amino acid residues including tyrosine and histidine ones in SA3, SA4, and SA5 conserved in family PL-7 alginate lyases are thought to be responsible for the catalytic actions of the enzymes. For example, His104, Tyr193, and Tyr199 probably constitute an active cleft (Fig. 4Cc) . 79) In this active cleft, there are three hydrogen bonds and two sets of stacking-like interactions, which maintain the rigidity of the cleft and contribute greatly to substrate binding or catalytic reactions (Fig. 4Cc) . Family PL-5+7 lyase As mentioned above, A1-I consists of N-terminal A1-III (family PL-5) and C-terminal A1-II (family PL-7), indicating that A1-I belongs to a new polysaccharide lyase family, PL-5+7. A1-II, A1-II 0 , and PA1167 resemble one another in primary structure, and both PA1167 and A1-II 0 have a glove-like -sandwich structure, suggesting that A1-II probably adopts thesandwich structure as a basic frame. Therefore, the secondary structural elements of A1-I are considered to be the N-terminal /-barrel and C-terminal -sandwich. These elements are relatively similar to those of family PL-8 lyases (see below), suggesting that A1-I and family PL-8 lyases have evolved from a common ancestral protein.
Family PL-8 lyases Strain GL1 xanthan lyase exolytically acts on the side chains of xanthan and liberates PyrMan through theelimination reaction. 65) Although almost all polysaccharide lyases so far analyzed, including those for alginate, pectate, hyaluronate, chondroitin, and heparin, attack the main chains of polysaccharides in an endolytic manner and release the oligosaccharides from the polysaccharides, 91) xanthan lyase is characterstic in that it exolytically attacks the side chains of the polysaccharides. Xray crystallographic analysis of xanthan lyase provides valuable hints regarding the structural features causing the different substrate specificities and modes of action of polysaccharide lyases. The crystal structure of xanthan lyase (81 kDa) revealed that it consists of Nterminal -helical and C-terminal -sheet domains, which have incomplete 5 / 5 -barrel and anti-parallel -sheet structures respectively (Fig. 4Da, b) . 90) A deep cleft is formed in the N-terminal -helical domain at the interface between the two domains. Although the overall structure of the enzyme is basically the same as that of family PL-8 lyases for hyaluronate 81) and chondroitin AC, 82) they differ in the loop structure over the cleft. Since PyrMan complexed with the enzyme is bound in the deep cleft (Fig. 4Da) , the active center (substratebinding site) is located in the cleft. Some aromatic and positively-charged residues are present in the active cleft, suggesting that these residues are responsible for the binding and depolymerization of acidic polysaccharide xanthan (Fig. 4Dc) . This feature is common to family PL-8 lyases that depolymerize acidic polysaccharides. 81, 82) But several residues are crucial for the binding of PyrMan through the formation of hydrogen bonds and van der Waals contacts (Fig. 4Dc) . Trp148 is parallel to the pyranose ring of the mannose moiety of PyrMan, indicating that the residue undergoes a stacked interaction with the sugar ring. The carboxyl group of the pyruvate moiety in PyrMan is directly bound to Arg313, Tyr315, and Arg612 through the formation of four hydrogen bonds. This conformation explains why the xanthan lyase specifically liberates the nonreducing terminal saccharide, PyrMan, from the side chains of xanthan, and is not active toward nonpyruvylated xanthan. 65) Arg313 and Tyr315 are located in the LA10 loop of the N-terminal domain, while Arg612 is in the LB16 loop of the C-terminal domain (Fig. 4Da,  c) . Therefore, these loops play an important role in the fixation of xanthan in the active cleft. The extreme protrusion of the LB16 loop is caused by Arg612 to Thr615, and there are several gaps in the corresponding sites of other family PL-8 lyases, indicating that the loop structure is specific to xanthan lyase and partly determines its substrate specificity. The side chain of Tyr255 forms a hydrogen bond with an oxygen atom of PyrMan, which forms the glycosidic bond to be cleaved, indicating that Tyr255 is responsible for the catalytic reaction. In fact, a mutant with substitution of Tyr255 with Ala exhibited little enzyme activity.
V. Conclusion and Perspectives
Genomics for sphingomonades
Large-scale genome sequencing projects are now being carried out and the complete genome sequences of organisms ranging from viruses to man have been determined. On the basis of the genomic information obtained, multiple analyses, specifically, DNA microarrays, biomolecule-interaction assays, and several ''-omics,'' such as transcriptomics, proteomics, and metabolomics, facilitate the interpretation of enormous amounts of information, such as that on gene/protein functions, localizations, and networks. From the results obtained through comprehensive analysis of genes and proteins combined, we can understand numerous cellular events readily and simultaneously, especially from the pattern of global gene expression.
The complete genome sequence of strain A1 is expected to enable analysis of specific characteristics of strain A1 as well as universal properties shared by sphingomonades. The latter, sphingomonades, are peculiar bacteria in that they contain GSL in place of LPS in the outer membrane, 7) and have pleat structures on their cell surface, [10] [11] [12] but the details of the biosynthetic pathway for GSL and the formation of pleat structures in sphingomonades have not yet been elucidated. GSL is a more hydrophobic compound than LPS, and renders microbial cells more accessible to hydrophobic compounds. This is one of the reasons the bacteria in the genus Sphingomonas are attracting attention as useful microbes for bioremediation. Regarding GSL biosynthesis, a putative gene coding for SPT catalyzing the initiation reaction in the biosynthesis is included in the genome of strain A1, and strain A1 cells produce monoand tetrasaccharide-linked sphingolipids in the outer membranes, suggesting that the genome structure of strain A1 will contribute to clarification of the biosynthetic pathway of GSL in the genus Sphingomonas.
Strain A1 also has a 47 kb-plasmid, pA1, categorized as a broad-host range IncP plasmid. These plasmids are self-transmissible. Regarding Sphingomonas plasmids, most xenobiotic-degrading sphingomonades have recently been shown to possess several megaplasmids with molecular sizes of 50 to 500 kb. 92) These plasmids play a crucial role in the degradation of harmful and xenobiotic compounds, suggesting that they might be useful for breeding bacteria with potent abilities to degrade environmental pollutants. Although the megaplasmids are transferred through conjugation among sphingomonades and their relatives, other Proteobacteria cannot be conjugated with the plasmids. 92) Since the broad-host range IncP plasmid RP1, isolated from Sphingomonas xenophaga BN6, is transferable to other bacteria, 92) pA1 with the insertion of pollutant-degrading enzyme genes is expected to become a powerful tool for the breeding of bacteria useful for regeneration and protection of the environment.
Proteomics for the superchannel
Expressional, functional, and structural proteomics, such as differential displays involving two-dimensional electrophoresis, SPR biosensor analysis, and X-ray crystallography, have shown that strain A1 has diverse metabolic activities, a highly developed cell surface structure, and a dynamic import system for macromolecules (the superchannel). The discovery of the superchannel in strain A1 revealed the diversity of macromolecule-assimilating systems in bacteria. Generally, when microbes assimilate macromolecules, they secrete macromolecule-depolymerizing enzymes into the growth medium, and then incorporate the depolymerized products into their cells (chewing type). The assimilation of gellan and xanthan by strain GL1 is a typical chewing type. In this case, the substrates of transporters, channels, and receptors are limited to lowmolecular-weight compounds. In contrast to the chewing type, the method of alginate assimilation by strain A1 can be designated the swallow type. In the chewing type, the export of extracellular enzymes is necessary and import of any of the degraded products by the enzymes is impossible. Therefore, the swallow type is energetically and substantially more efficient and economical as to assimilation than the chewing type.
Other than the superchannel in strain A1, the E. coli AcrAB-TolC system has been identified as a transporter penetrating the outer and inner membranes. The AcrAB-TolC system responsible for the efflux of multi-drugs consists of a membrane fusion protein (AcrA), a nodulation-resistance-cell division transporter (AcrB), and an outer membrane-spanning channel (TolC). 1, 93) There are significant differences between the superchannel in strain A1 and the AcrAB-TolC system in E. coli, i.e., the direction of transport, and the sizes of the transporters and molecules to be transported. The micron-size superchannel is a macromolecule importer consisting of an ABC transporter and a pit formed through extensive fluctuation of the cell surface, while the AcrAB-TolC system for the export of solutes comprises an assembly of nano-size proteins. Hence, the superchannel may be regarded as the origin or prototype of endo-and phagocytosis. Through such study of the structure/function relationship of the superchannel, we can provide new insights not only into the novel bacterial system for macromolecule import and depolymerization, but also into the dynamics of the cell surface and the evolutionary process for endo-and phagocytosis.
Function of the cell surface
One of the unexpected findings of this study concerns the localization and function of flagellin homologs. Bacterial flagellin is a helical filament, a component of the flagellum, and functions as a propeller. Regarding the function of flagellin beyond that of propeller, the flagellum-dependent flagellins of a plant-pathogenic bacterium, P. syringae, have been reported to play an important role in the induction of a hypersensitive reaction in plants, 94) and some pathogenic bacterial flagellins cause a host innate immune response through interaction with Toll-like receptors of hosts. 95) These functions of flagellum-dependent flagellins, however, are not intrinsic, but result from interaction with bacteria and hosts. On the other hand, flagellin homologs of strain A1 are independent of the formation of flagella and are exclusively localized on the cell surface. A flagellin homolog-deficient mutant exhibits unclear pleat structures on the cell surface and forms an incomplete pit, indicating that flagellin homologs participate in the regulation of the pleat structures and pit formation on the cell surface. Furthermore, flagellin homologs show high affinity (K d ¼ $ nM) with alginate, suggesting that flagellin homologs are involved in alginate signaling as CD44-like receptors rather than in the harvesting of alginate as seen in p8. 31) CD44 is a mammalian transmembrane receptor (K d ¼ $ nM) for hyaluronan, an acidic polysaccharide like alginate. 96) In order to clarify the universality of the flagellin function (alginate binding), E. coli flagellin was also subjected to SPR biosensor analysis. E. coli flagellin can bind alginate at a K d of nM level. Therefore, flagellin might first be created as a cell surface protein and then undergo a change into a flagellar protein, or vice versa. Setting aside the biological significance, we can say at least that microbes with flagellin have a means of accessing alginate-containing materials. This evidence should lead to a novel concept regarding the function and evolution of flagella.
p8 has also been identified as an alginate-binding protein with a K d of 1:3 Â 10 À7 M. 31) Distinct from that of flagellin homologs, this value of p8 as to alginate is comparable to that of periplasmic alginate-binding proteins as to the polymer: 2:3 Â 10 À7 M for AlgQ1 and 1:5 Â 10 À7 M for AlgQ2. 43) The coincidence of the kinetic constants of periplasmic binding proteins (AlgQ1 and AlgQ2) and p8 might reflect the presence of a smooth transfer system for alginate and/or its granule in strain A1. This finding indicates that p8 functions as a cell surface protein with alginate-binding ability in strain A1, and that the binding of p8 to alginate facilitates concentration of the polymer in the pit formed on the cell surface.
Based on the results obtained through cell surface protein proteomics, a cell surface model in strain A1 is illustrated in Fig. 3B . Although the data are insufficient, the cell surface proteins cooperate to incorporate alginate as follows: Alginate molecules in the milieu are recognized by flagellin-homolog receptors and the resultant signals are transmitted to a putative twocomponent system, the gene of which is located downstream of the genetic cluster (i.e., the alginate lyase A1-IV gene) for alginate import and depolymerization. Through signals from the two-component system, the expression of genes for the alginate import and depolymerization system is induced, and then the superchannel, including the pit and ABC transporter, is constructed. Flagellin homologs function as receptors for alginate and/or regulators for the cell surface structure and pit formation. p8 concentrates alginate and its granules in the pit, and p7 is a lipoprotein responsible for the maintenance and stabilization of the pit structure through the linkage between the pit and peptidoglycan. Outer membrane transporters (p1-p4) with tunnel-like -structures incorporate ferric ionchelated alginate into the periplasm.
Structural features of polysaccharide lyases
Although polysaccharide lyases are classified into 15 families based on their primary structures, X-ray crystallography of them has indicated that they can be grouped structurally into five folds, i.e., parallel -helix, lyases for pectate (families PL-1, -3, and -9), [97] [98] [99] and chondroitin B (family PL-6); 100) -sheet abundant flattened oval disk, a lyase for rhamnogalacturonan (family PL-4); 101) /-barrel, lyases for alginate (A1-III) (family PL-5) 77) and pectate (family PL-10); 102) /-barrel + anti-parallel -sheet, lyases for hyaluronate, 81) chondroitin AC, 82) and xanthan 90) (family PL-8); and -sandwich, alginate lyase PA1167 (family PL-7). 79) As to the /-barrel, recently we have confirmed through X-ray analysis that both porcine kidney N-acyl-D-glucosamine 2-epimerase 103) and strain GL1 unsaturated glucuronyl hydrolase (a novel glycosaminoglycan-degrading enzyme) 104) have an /-barrel structure as a basic frame (Fig. 4Ea, b) . The /-barrel structure is also found in sugar-related enzymes such as glucoamylase, 105, 106) endoglucanases, 107, 108) endo/exo-cellulase, 109) -1,2-mannosidase, 110) and maltose phosphorylase, 111) as well as polysaccharide lyases (Fig. 4Ba,  4Db, 4Ec ). These enzymes form the /-toroid family in the SCOP database (http://scop.berkeley.edu/data/ scop.b.b.bbc.html). Hence, it appears that these sugarmetabolizing enzymes have developed from a common ancestral protein, although they catalyze different reactions (lyase, hydrolase, epimerase, or phosphorylase), and no similarities have been found among their primary structures.
The following common structural features for the catalytic reaction are shared in family PL-5 and -8 lyases: (i) a catalytic /-barrel domain, (ii) a lid loop for recognition of substrates and/or catalytic reaction, (iii) uronate-binding aromatic and positively-charged residues, and (iv) a catalytic Tyr residue. Some of these features are found in alginate-binding proteins (AlgQ1 and AlgQ2). Aromatic and positively-charged residues are indispensable for interaction of the proteins and/or enzymes with acidic sugars. Furthermore, as in the case of the lid-loop of alginate lyase A1-III, the opening and closing of the domains of AlgQ1 and AlgQ2 are essential for the binding and release of the substrate. Although the precise mechanism by which these module motions occur is unknown, an understanding of the structure/function relationships of these enzymes and proteins will facilitate further elucidation of the roles of the protein modules in catalysis. Additional research on hinge structure and energetics is apparently necessary to determine the intrinsic roles of modules or specific families of modules.
Applications of sugar-related enzymes
Some pathogenic bacteria such as P. aeruginosa and S. paucimobilis are known to produce exopolysaccharides as a biofilm that facilitates interaction with and complete adherence to target cells. 112) Since the biofilm forms a firm barrier and hinders the penetration of antimicrobial agents, it is difficult to treat biofilmdependent bacterial infections. Depolymerization of the bacterial exopolysaccharides might lead to the establishment of a novel therapy for biofilm-dependent bacterial infectious diseases.
112) The application of alginate lyase 113) and gellan lyase 68) might be feasible for the treatment of such diseases.
Certain streptococci such as Streptococcus pyogenes and Streptococcus pneumoniae cause severe infectious diseases, e.g., pneumonia, bacteremia, sinusitis, and meningitis. 114) They produce polysaccharide lyases, which function as virulence factors in the degradation of host extracellular matrix glycosaminoglycans. 115, 116) Unsaturated glucuronyl hydrolase, which is responsible for the degradation of glycosaminoglycan oligosaccharides produced by the lyases, is hence thought to be another virulence factor. Putative genes coding for unsaturated glucuronyl hydrolases are distributed in the genomes of pathogenic streptococci that produce polysaccharide lyases. 117) Inhibitors of polysaccharide lyases and unsaturated glucuronyl hydrolase are expected to become potent pharmaceuticals for treating streptococci-infectious diseases. Hence, elucidation of the X-ray crystal structures of polysaccharide lyases 115, 116) and unsaturated glucuronyl hydrolase 104) will probably facilitate the design of novel drugs for streptococci-infectious diseases.
Bacterial exopolysaccharides generally consist of two to four different kinds of monosaccharides, and some of them have adducts on the backbone as side chains. Due to this structural heterogeneity, bacterial exopolysaccharides and their depolymerization products show highly potent biochemical and biotechnological characteristics, some of which are applicable in the food, agricultural, chemical, and medical industries. [118] [119] [120] For example, xanthan treated with xanthan lyase has a tendency to form a sol even in the presence of guar gum, and might be used in the food and chemical industries. 121) In addition to the characteristics of exopolysaccharides, the physiological function of oligosaccharides derived from them is of importance. Oligoalginates depolymerized with alginate lyase enhance the proliferation and/or differentiation of Bifidobacteria 122) and some plant cells. 123) This makes it possible to use oligoalginates as growth factors for Bifidobacteria in the food industry or as biochemical fertilizers in agriculture. The depolymerized products of alginate and gellan obtained with alginate lyase and gellan lyase respectively also promote the differentiation and proliferation of human epithelium cells, 121) indicating that these oligosaccharides might be applicable as epidermal growth factors in place of bovine pituitary extract, the utilization of which is thought to be hazardous due to the occurrence of bovine spongiform encephalopathy. 124) Although oligosaccharides have been reported to act as chemical messages for the regulation of physiological processes, much less is known about their intrinsic functions with respect to promotion of the proliferation and differentiation of plant and mammalian cells. Elucidation of the sites, modes of action, and ultimate fates of oligosaccharides would be a step toward an understanding of the mechanisms underlying the promotion of proliferation and differentiation processes. Information on genes and enzymes, especially polysaccharide lyases, and a strategy for analysis of the biodegradation of bacterial exopolysaccharides should provide invaluable insights into the use of enzymes to improve the construction of poly-and oligosaccharides with great potential for advanced biotechnological uses, and, in addition, should be very helpful for understanding the molecular and structural bases of the processing and evolution of proteins and genes.
